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All S’l’lLACrl’

1)1 Julw 1 9 9 1 ,  tko  N A S A / J e t  l’]c]pulsiolt  laboratory  airborlw
SAI{ (A I1{SAI{)  collwtcd tllc  Iirst  ~i,lil)]i,tc(l  II,L]lti-cl,:IIlll[,l SAIL
obscrvatioas  o f  tlic (JrcmLlaIIcl  icc slmt. ljargc ckaages  ill radar
SC’i\tl(ilill~,  arc, dctcl’lcd  across  di[lcrc [it Ilwlling WIIM. 11] tl~v dl.V -
SIIOW zcrIIc, l{a,y]cigll  scattering fro]!) s]l]all sIIow graias  dolllillatm
at C-}mlid.  l a  tllc soakwl-stlow  zo]tc,  surface  scattcritlg  dolni.
IIatcs,  aad aa inversion tcc.kniquc  was dcvc,lopcd to cwtilllatc  tllc
diclcc.  tric collstsiut  of tlic snow. q’hc radar pro]mrtics  of tllc ],cI -

c.cslatiol~ relic aro in contrast  unique amcnlg termtrial  sulfaccx,
but  JCSCIIIMC  tllosc  fro],) tkc icy Galilcall  satellites. 2’lIC scattcv-
crs  rm]]cul  siblo for tllc p e r c o l a t i o n  Knle u]lusual  ccllocs  alc tllc
m a s s i v e  ice bodies  gc~lcratcd  by sumlocn  melt ill the cold, dry,
l, OIOUS  flrli.  AII i]lvcrsio]l  ]nodc] is devcloj  Icd for csti]]latitip,  tlIc
voluri  Ic of IIlclt-water icc rctaillcd cacl]  sllnl]l)cr  ill llIc Iwcolaticm
ZCI]IC  frolll  IIlulti-cllanllel  SA1/ datii. ‘J’IIC results c(~uld itlll)lovc
culre]lt  mjtilllatcs  c,f tile ]rtass balalic~  C)f (~rwlila]ld, and  c o u l d
llcl}i IImnitor  s],atial and  t(,la]mr’al Clliill~VS  ill t}lc Stl(’llgtll O f
su]anlcv  lnclt ia GrccIllal  Id wit]l  a  sensi t ivi ty greater  tllall tllilt
provided by altill)ctcrs.

lN’l$lLOl)lJC’I’l C~N

All ullclc,r:+tallcli]lp,  of tllc gcwl]llysical  cllaractcl istics  of  I,olar  icc
SIIC.CLS and  sIiow nlasscs  and  of tlicil  tilno cvolutioll  with cllal!gillg
cilvimlllllcllttil  collclitiolls  is  cssctilial  t o  clitnate ]nod(,litlg.  ‘J’lie
first cxalll]Jcm  of SAlt obsorvatiol,s of tllc  GrcmIlaIId  ice, sl,cct  [l-
4 ]  lIavc slc,wn  g r e a t  pmoisc for IIlc,llitoriug  a],],licatiol,s of tl{c
c}lallgillg  lhydlology  of polal ice sllccts  as a result of atlnos]~llclic
wal)uing,.  IIcrc, wc ]cymrt  result f]oln  the first calibrated ltlulti-
cllallllcl  S,41{  OIMC,I vations  of Grcct  Ila Nd collcctwl  by All{SAl{ ill
Ju],c 1991, ‘J’lic goals  c)f the exl,erilllcmt  w e r e  t o  rccc,rd ladal
Qclmcs frolil  diflcrmlt  Ilwltilip,  70110s o f  tl~c GIcm  Iland  icc sllw,t
and  tllcvl to relate tkcw radar obscrvsitiolls  to the SIIOW and firll
])llysical  ],ro]~crtics.  ]~ig. ] sllcitv:j tllc flight track of All{ SAl{; tllc
location of 3 icc calrl],s  UIIICN  gliiciologists  rccordcd  sliov,,  stratiF,-
raplry,  griii)i sin>, dcllsity,  and tctll]jeratulo;  a]lrl tllc 4  I]lcltillg
Zolies  clialactcri7,illg  diffcrmt  d(,glecs  of IIlelting, of tllo icc s}lcct
ill tkc sullllllcr  [5].

Ant SAR o],matcs at C-, 1,-, aad 1 ’ -  band  flequcncics  (5.6,
?4,  and G$-cl[) wavcdcagtks),  al~d r e c o r d s  tkc crmoplctc  scattcr-
i](g )natrix o f  eaclt rcso]utioll  clc)llcllt  a t  cacll frequcl!cy, ‘J’IIC’
radar ccllocs  arc! illtcrllally  calibrated. ‘J’IIc calibration was cross.
Cllcclicd usi)lg tlIc radar rcs I~ollscs o f trillcdral  cc)rner reflectors
dc})loyccf  at Crs+wford  }’oilit p r i o r  t o  flight,  ‘1’kc r e s u l t s  illcli-
catc a calibration accuracy better than 1-’2 d]} for (1 > 30°. l’c)r
O  < 30”,  tlc C-balld  ladar clc)ss-scctiolls  arc  ulldelcstilllatcd  by
a f(~w dlls, v., ]lcrcas tllc, ])olari]]]clric  cl]aractcristics  SCWIII  coI ]cct,

l{adio]lictrir  calil,riitioll  CIIOIS  IIIay I)c caused by ~,roccssi]ip,  a-

tifil  CtS duc to tllc sllolter intcgraticr]l  tiIt)c,  c)r to CIIOIS  ill t][c

]Lrwlictwl IQs}mIIsv  fIOIII  coI nm reflcctols wllicll ])oiIIl tI]o]c tllall

15° away flcrlll tllc radar 1011[, di rcction.  ‘J’lIc systclll  IIoisc  lcvo],
dolllillatcd by llicl]]lal  llc, isc frolll  tllc radar rcceivcr,  vatim willl
tllc rcccivcl’s  gaitl  scttillgs,  frequmcy, },cJlari7,atioll,  and  also wit])
tlic rallgc (Iistallcc  aft{~r  rallp,c  allcl  azilllut]l  collll~rcssiol[s.  ‘J’]]c
SN]l  ~,as fc,tlrld to ~)~ ]argt OVQI t]lc pQlco]atiO1l faCiCsS,  b U t  ],001”

ill t]lc’ soa!wd-  and  dr.y-sllow facics  at  ]arg{, illcidc]lcc  aliglcw. ‘J’t!c

apljareat iacrcasc ill cr~)v for O > 60° ill I’ig. ?. is duc to tl~cr)l)al
lloisc  and  not  to scattcritl  F,.

Ah’  AI,YSIS 01,’ ltAl)AIt SCA’1’’1’I;1{ING

Wrc ~xalllili(,{l SA]( SCCIICS  col]cctcd  ill 3  of t]lc’ 4  IIlcltillg  sllo~~’

ZOIICS of l’i~,. 1. ‘J’lIc lnc,st stlikitlg  elm] vatiolls  arc  floltl  tllc
pcrco]atiotl  zolics,  but interesting tmults *I<,  also  Ol)ti\illVd ia tile,
cl]y- al,d  soaked-sl,ow  m,cs.

l)ry-snow zone:  R a d a r  returl,s  arc  ICNV  at all 3 frcqcrcvlcics,
a n d  lnost]y  difl”usc  at C-1.ralld, wllicll is consistent witk  voluiiic
scattcrill~  fro])l d r y  SIIOW grtiins. Model predictions based  0]1
Raylcigk  scattering flc,ln a half-space c)f dly-sllow  aglcc  with  the
All{SAl{  IIlcasul{,ll,c]lts  at  C-lja)td  (l’iF,, 2 ) ,  but \lll(lc,r(,stil[)at{,s
tkc r a d a r  rctullls at 1,- and ]’-band. ‘1’kc loa.gcr wavclcngtlls  arc
ptobably scl~sitivc  to liiolc, dccl)ly  buried  dc]lscr  s]imv layc]s  t)f
largm  mow p,lai]ls,  wit]) a  rccluced pow spacr. Additional SCCIICS
wi l l  bc ]JJOCCSSN1  to dctccl cventuat s]]at  ial v a r i a t i o n s  ill sl[ow
pro]mrtics witllili  tllc dry snow Zone.

Scmkcd-snow  zone:  Video  illlagery  and  35 Jmll pliotos  ta!ic]l
duri]ig  tllc A1l{SAl(  fliglit  sltow t}lat  a r e a s  cjf low, backscattc~]  ill
tkc C-band  illlagcry  (1’i.g. 3)  IIavc  a l s o  lcnv  radiances at visil)lc

optical ftequcllclc’s  and l]kcly cor JcspoIId to areas of wet SIIOW ;IC.

cullmlatil)g in Ic)cal  surface (lcprcssions  and surlouadcd  by drier
SIIOW ]~atclles. C- batld  radar rcturjls  arc  low ill wet SI1OW because
tl!c SIIOW l a y e r  i s  slllootll  and kip,kly rcflcctivc,  slid  arc IIigll  ill
dry  saow  Imcausc  of  volume scattming from SMOW grail,s. Spz\-
tial v a r i a t i o n s  in radar  backscsittcv  at 1,-Lralld (not sltowli)  ar{
dift’crcl]t,  a lcsult of tl,c CICCI)CI  ],cllctratioll of tl,e radar  siF,]lals,
rcvcalillg  subsurface features of liig)lcv raclar  reflectivity al!iolg
tkc wet  m o w  p a t c h e s  dricctcd  at  C-baud.  l’-balld  data (IICIt

sl]owrI\) rc~,{~al  buried  cracks and  crwwsscs  that ale, not visible at
C-baad,

W C used tkc illvcrsiotl  teclllliqccc of vali Zyl et al. [7] to illfcr
tkc cficlcctric  comtssnt  c, a n d  tlw rlns Iwight  h of  tlm  reflecting,
surface fronl  tllc SAl{ sce]ic of 1,’ig.  3. ‘J’lIC algoritlllll is vstlid for
IIatural t~rlaill dolnillsitcd  by surface scat ter ing,  and  uses 1111-
iilid VV- polari?atiol) a t  ouc  frtquctlcyl  ljlefcral~ly  O][C fol  wkicll
A >>  h. ‘J’IIc mults  at C-baad arc not s a t i s f a c t o r y  iu dl.v sliow
areas because  Vo]uli)c  scattcrillp,  frolll  snow g]aills  i s  fals(~l.y  ill-
tcrprctcd as ICsultillg, frolu  roup,k  surfidce  Sctittcrillg.  ‘1’lFc co] Ic’-
spmlding ])ixds  cal I bc sc])aratcd  usi]lg  cr~,v > -  2,S dll. l’ixe]s
for which h > 5 CIII, wkick  corIcspoIIds  to sl\o\\’-frcc bcdmck, alc
alsc)  rcl]lovcd  bc,causc tllc mtilliatic)a  o f  <T is uc)t rclial~le. 11( tlic
Imliailli]tp.  areas,  f, a!id h kave  collsistcat  values  across rallgc  (tkc
illvc16ioll tcclllliquc,  i s  lobust with  incidence  angle  valiatiolls):  /~
= 0.8 40.3 cln,  a  slnootk surfdce,  and c, = 3 . 0  40.5, i . e .  wet
suow witk a Iiquicl  watm colltmt a b o u t  105 2X) (1’i~,.  1;.33 [S]),
li,llicli is witllirl  tllc  ra]tg,c cjf values  ]I}casurcd at tllc  Swiss (TatIII~.
III addit ion,  tkc illvcvsioll  ]csults ]evcal  ljatcllcs  of stall(lillg  \va -
tcv 0 1  tkawcd  lakes  (c, > 2 0 ) ,  a s  vclificd  frol]l tllc  vidcw il~la~,cry.
‘J’kcsc  vmtct  forlrlatiolls  wc,uld IJc diOicult  t o  idcutify  frolll (~-
balld  VV cm 1,-l)alid 1111 data alollc,  illmtltitillg tllc  illtvlcst of
],olarilllctric  illforj,jatioll.  At 1,- band, tllc  jmults a]c  coll]])licatcd

by tkc dcxymr pcwctratiou of tkc si.c,r,iil.  t, of “wet  N,ow a r m s ”
i s  ~ 3,  but IL % 5 cl!~ is lalF,cI tllall at  C-band, suggcstilig  tllfit
1-balId  Si{~llill  S ],cnctrate  lllr Shallow layer  of wet Sl]o!v and ill-



tcla(’1 willl  it lx,ugll ilitolfarw Ofglil(’icl icc ({, : 3,2 [9]). ‘1’ II+ IN,(,(I

liik<)~  ii],]JC’ill II1OI<,  (1(’?lll~  tllilll tlt ~-l)illl(l.

‘1’lIc  illvc]siol}  results’  slImv that  SAIt  could  ]iclp ]t]al} SI1OW
wctaoss  iu lhc (; IwtIlatId soakxl-snow zol I(I,  tllcrvlly  ])lovidi,r!g
valaablc illforlllatio]i  for rxtilaatillg surf am flaxes al~d frvsl~ v., ittcr
IJlc,duclioll  c)vcl tllc icc sllcet. C-lmlld  V\/ flolll  1’}1{s-  1 (0111(1
fiCJ)ill Sit C \Vf?t 8I1OW  ftolll  dly SIIow, but tllc’ additio]l  of at Icasl  olLc,
I~cJarizatioll  (c.:,.  (~-fmlld  1[11 frolll  I{ AI JA1(SA’1’)  c o u l d  pcrrllii
SI IIIOIC rx,liahlc IIlal)piilg  of  SI)OW wctaess.

I’crcolntioll  f<tcicx: (I)lusually  stroll!, ra(lal  l(,flcctiviti(,s  aIId

]argc circula]  (IIC; : crjt}{/c7j{1,,  WIICIC R aacl 1, IaCaII  ri,e,llt ii], d left

cilculdr  pola]imtioas)  icIid Ii]war (pf, : cr~lt,/o~l}l) ]mla]i7atio]l
ratios al(’ l~,co]dvd  fil C- illl(l  1,- biilld froll) tile  percolatio]l  facim.
‘J’O tll(~ t)CSt Of 0111 !illOV.JICIdgV,  I1O OttlC’1  t(,llc%tlial  SUI fa(’(,  SllOWIS

silt)ilar  Iada I l)IO~JC,I  ti(~s, aTIcl tllc oIIly  otlicr !il IowII objects with

sirliilar  exotic radar l)rol)crtirx  arc  tlIC icy (jalilc~al,  satel l i tes c)f

Julritu [10-1 1]. ‘1’lIc  Iaclar  signatures flolll  the pwcolatioll  ZCIIIC
snow  a difl’crmlt  bcllavic)r at 6:$-cIII v.IavclcIIgll  I (1,’ig. 4) aIId  at

slIIall  iacidcacc a!iglcs,  b u t  this is IIot surlJrisil\g  Sil)cc tllc sul}-
surface  structurm rml)otisiblc  for tlie u]lusual  radar whom flofll

GrccIIIlalI(l aIId  frol,l  tl,c icy satellites },rolrably  arc radically dif-
frmult. Ncvclthclms,  tllc C;rwvilaad’s  percolation ZOIIC provides a
uliique]y  acccssiblc,  IIatural la}~oratory  for studying exotic lada]
l)lorcwscs  ill a  gcc)logical colltcxt a)icl  f o r  ilaproviag  our  ulldcr-
stall ding  of radar Scatter’illp; fro:[l distal]t  icy objects,

Years  ??,0, Zwall  y [12] suggested that tl~e low cll~issicrl(  p] oy
crlics of tllc percolation zone  could k (IUC to VOIUIIIC  sciittcriilp,

from icc features Lmriccl ill the fir], and  creatccl  by sula]acr  melt.
Sv., ift et al, [1] also IIotccl uliusual  radar  rcflcctiv  itim from tl]c,
}wrcolatio.11  facics,  and srr,e,p,csted  that r{idars  could cstilllatc tllc
dmisity  of  tl~csc ice features. Rcccllt  surfiicc-bascx]  radal olw-
vatiol]s  at (;rawford l’c~i)it  [13] at 5.4 and  2.2 c]!) further  illdicatc
t h a t  IIlost  o f  tllc scattcria.g takes place  ill tile lnost  IcccIIt  aa-
l)ual ltiycr  of  bllricd  ice bodies, and that surface scattcrillp,  frol[l
tllc to}) ?0 CIII of tllc icc s}lcct dol)lillatcs  at slllall  itlcidetlcc  a]l -
F,k . ‘1’llc e x a c t  scattclillg IIle:llaaisl!l  rcsl)oasil)]c  for  ttlc  ull-
usaal cclIocs is still utIlc  IIowII,  a~ld little iafornlatioa  is aviiilal  IlcI
al)out  tl)c :;l)at ial distributicrl~  aIId g,col~lctric  cllal  actcris tics  of ice
lenses, layers, aad l,ipcs  [5, 14-16], l{aylrigll  scattering does  IIOt
cxldaia the radar plopertics  of the percolation facies  lwcamw  tllc
Iada I cross .scct!olls do IIot dcc Icasc~ as A4, allcl  ovcII  larg,c s,,c)w
~l:lill  S Call llCrt F,(>ll(>latc’  tkC O;,l, V:I]UCS  rCCCrld(Ki  ill t]l C })c!ICO]:I  -

ticm 7,c,IIc.  Sil]lilarly,  ]Iaturtil  mug}l surfaces c)f kial,clc,llp,tll-size,
rills  llciF,llt (h ~ ?L ctll)  do not sccvn  callable  o f  gclloratillg radar
signals  sil[lilar  to tliosc  rccordcd  ili tllc  ~)clcolatioll  Z,ol{c,

(;clll~mllt  bac!iscatter  is ral,ahlc  of illterprwtitg  tile radar  l,ro]).
crtics frolll  the icy satellites [17] and is collsistcllt  with their .gc,-

ology aacl forlnatio]l  IIistory [1(1], collcrcllt  backscstttcr  OCCUIS
wl)cl) cloctrolaaglletic  waves  trsiveliag  along  tin)e-rcvcrscd  l)atlls
ccu{structivc]y  ilitmact ill the backs cattmil~g direct ion,  yicldilip,
callal)cccl  ladar  rcflcctivitirw,  and  prcwrvillg  tllc IIa)idodaess  o f
cilc(llar-l]ol;iri?,<~(l  signals  ( a s  ol~l)osccl  t o  sl)ccu]ar  reflcctiolis).
COllercllt  hackscattm  Ol,ly rvquircs  a Iow-105s I,lrdiu,,l,  i.c, loI,p,
})lioto~l  l)atlllcllp,tlls.  IIip,l) radar  rcflcctivities a a d  circu]al  l)olar-

and  whew the dielectric constrast is low [19]. ~ivcn typical sizes
of icc layma  and ice pipc,s [5, 14-l G], aad tllc relative tla II S])ill’C)ll  (’y

of dry, cc)ld saow at lniclowaw  frcclucrlcics,  cohcrmlt  backscatkr
fma n]assivc  ice illclusioas created try sumlner IIlclt cvcats could
cxp]aitl  the radar  cchocs  frolll GrwvIlaIId.  Cohcrcmt  backscfittm
however predicts [19] tl,at 11(: sliou]d  dccrcasc  wit],  il,creasi,,~,  0,
wllcrcas  Allll SAl{ sliows  tllc o])l)ositc  t]clld. ‘J’llis clisrlc}]allcy
could bc rfl I(, to stroag backrcflcctio]l  froln  wiacl ctusts prcsmt ill
tllc tc)})  20 ,Clll c,f tllc ice sltcet  [13] which  could  yield sljlall  values
o f  pc: aIIrl /11, at sl[]all  iucidcnce  an.gfcs.

Sillcc  icc ]ayrls  illl(l icc pilws  a]o iil,isotrol}ic  scatt(,r(ls lalg,tl
ill size tllaa the wiivvlvaglh,  W(’ ma)nillcd tll~ higk froqaotlcy  ho]u

tioll  clf silllplc  ohjccts  to cictmlnillc  whether unusual radar cchocs
cat) be prcdictcd and twtter illterprctcd.  We usd diclccltic (yliti
ders  because all exact analytical solutioli  exists for col[~putiap,
tllcir radar cross-scctiolls  [20]. I II priaciplc,  IIigllly dcl)olariml
sigaals could wsult  fm]ll  180(’  l)llasc  shifts bctwce]l  II II aad \’\~,
i.c, illtcrllal rcflcctiolis  witllitl  tllc i c y  cylilldcrs.  AltliouglI  icc
]aycrs  aacl icc pipes  arc  aot  cylitldcls, it is a first  -ordcl  al)IjJox-
ili)atioa tl}at  illcoj  lmratvs t he i r  diclcct]ic  })lol)cltics,  diflclctlcos
ia s i z e  alcmg,  pcrpc,lldica]ar  dilcctious,  and prilici}lal  dil!lcllsiolls
lalgc]  tkaa tltc Iadar  wavclcl,gth.  l’ro))l  tllc IIulnclic:il  solutioa
for Ollc cylilldcl, W, gmlcriitcd  tllc rmpollsv  fiolll  it distlibatioll of
Cyllll(l(>l  S t)~ a])])lylllg a rotation lllatli  X of Ullifoll!i distlil,uti(,l,
ill allp;lc,  t o  lIIC scattcrillp,  I!ltitrix  floltl  ollc cyliader, and it[cw
IIcmat]y  added  t h e  rclurlis  frolll  difltvcvit  cylilldc]s.  WI,(VI tllc
cliclcctric  contrast Iwtwvo)l the cylinders and the laatlix is ]otv,
for  a  larg,c IIut[IljcJ of a/A values,  tvc fc,ulid that cj)}I}/vL)* = 180”,
III, > 0.5 aad IIC; > 1 (1’i.c,. 5) .  IIy avcragiilg  tllc  r a d a r  Icturas
frola  a distributioli  of cyliuders  a b o u t  90-30 cl[l ill sire, w{ ob-
tain ill,  > 0.37, I(c: > 1.4, and  radar rcflcctivitics c-lose to O d]!
as observed for Grcclllaad. ‘lIIc  advaatagc  of this lnodclitlF,  a},.
},loacll  collll,arcd  to tile coliercllt  backscattcr  theory is to l)rok,idc

a Imo)e reacfily undwstoc)cl  il)twprctatioll  of the radar ccl Iocs slid
a  ]aodc]  that is easily  illvcrtiblc,.

CC) NCl,LJSlONS

Moaitoriag the percolation  facics  using  SAIL could bc c,f collsid-
crablc illlporla  arc. I’llc  Grccalalld l)crcolatioll  zoIIQ cxtcllds  over
a large raaF;c of latitudes siIIcl ~)ro},idcs  OIIC of tllc Iltost  si,e,llificallt
land bc)clicm tkat cc,uld reveal  clilnatic and l]yclrolop,ic  trcllds ill
tllc Alctic.  ‘J’lIC large cc)lltrast  ill ]iidii]  backscattcr  ljetwmll  tllc
l)crcolatiol(  ZOIIC a~~d tkc  surrc,ulldillg  SIIOW 7,0110s, slid tllc filI(T

spatial rcsolutio]l  of SAI{S sllou}d  l>clrilit tllc fitic IIlollitolitlg  of
IIorizolltal  shifts ill tllc boul)darics cjf ll]c pelcolatioll  Zollv  that
l)lobal,ly 110 otllcr illstrulacllt call detect. ‘J’11[,  J) CICOliitiOll  ZOIIC,
defines clitical  hydrological lilllits whe-c  nlclt-water rc-flcczcs  ill
}Jlacc ilistcad of bcillg  mrlistributcd  ill tllc ocean  watcls  irs ill tlic

hc,akcc]-sllow  ancl ablatio]]  ZO]ICS.  Mcasuliag  t]lc VOIUIIIQ  o f  lnc]t-
watcr storccl  ill tile pcrcolatioa  zoi(c eacl~  sul{~lLkcr flolli  SAI{ data
is cssclltial  tc] illlljrovc  carrct)t cstilaatcs of tllc IIlass balaljce  o f
Grecwlaad  [16]. Our results arc ellcouragil,g  that I[lttlti-cll:t]l]lc,l
SAlt iastrulacllts  CC)UIC1 cstiloatc this icc-water VOIUIIIC,.  l’urtllcl-
lnorc,  II)ollitorilg  of the })crcolatioli  facim  wit]) SA1t c o u l d  },ro
~,idc a ll~orc scllsitivc detcctiol)  of  spat ial  and  tcl!ll)c)ral  c}lallp,cs
ia the strwlgth  Sulnlilcr  lacltiag thalt that l)rovided  by lnotlitor-
iag clIaIIgcw ill surface clcwtioa IIlcasurcd  by altilllctcrs  because
lncltilg in tllc dry saow r,o]lc will probably first  itlcrcasc  the arcal
extcllt of tile l,crcolatioll r,orle [16].

ACKNOW1,EII  GE MEN’I’S ‘J’his work is sul,portccl I,y 1)s, 1{,
‘J’l,oti Jas, l’olar ILcscarcli  l’rogrrir[,,  NASA }lQ, a])cl  was carric(l  out at

tlIc  Jet l’sc,i,ulsiotl I,ahoratmy,  Califorliifi I]\sLitute of ‘J’ccli))olgy,  u]ldcr
coatrdcl  wltll tllc Nat]oilal Acrollriu tics a!ld ,Sl, acc Acll!!i]listrat,i(>ll,

lilWEIL1’;NC:kX
[]] Swift, G. ‘l’., }’, S, }lsIycs,  ri],d J. S, IIcrd, Airlmr],c r,,icrowavc  ),,ca.
surc~l(cl~ts  o f  tl~c soutlma Grcc]\ltilid  i c e  sl~cct,  J. Gco),hys.  Ii(s, 90

II?, 1983.1994, 1985,
~] liilldscl,adlcr  lL.A,, K.t3. Jmck,  a,ld J,]’. (;rawford,  Glaciological i~l-
vcstigaliotjs  usiltg tile sylltl)cLic  al)crl,  urc raclar iroagilig  sysleI  I), Annal,5
of G’laciology 9, 1-7, 1987.
[:{] Vor,,l,crgcr,  1’.1,,, mid IL,A. IIil,clscl,adlcr,  Multi.  s],cctral a,)nlysis  c,f
i(c sllccts using co-rcgistcrcd SAIL a)ld ‘J’iM illlagcry,  Jtjt. J, Iic)tl.  ,$cas,
13, 637-645, 1992,
[4]  Jczck, K., M.}t. l)ril)kwater,  J.]’. Crawfc)rd,  l{. lli,,dscl,adlcr,  CIIId
1{. Kwok, Analysis of sy]lt}lctic al,crtusc  radar  data collcctcd  over tl!c
mutl!wcstcrl)  Grccl)lar[d  icc slIect,  J, of G(ac!ology  39, 131, 1993



[~] l~~ll~oll, C., Slli,ligr},,)l)ic  r+ludiw d (IIC SIKIW UIId (i,,, ,,f (11, (;,,,,,.
Iat,d i c e  sII,w1,  [lLq Afr18y ,$71010  ICC and  I’cM,,of  Tosf  [(c., );sl,, /),, ]{cs.

1 ()

Rep, 70, 1W2, ()
[G] Alley, 1{. 1{, s,,d 11, 1{. Koci, Icwcorc  a],slysi.  at siic A, (;rcc,,la,,cl:
l’rcli],]il,ary rcslllts,  /tvnals  OJ (;lrtclo(ogy  10, 1-4, 1988, 10

[ 7 ]  va], Zyl, J.J, ri,,d otl,crs, h~casur’illg  soil  Illoisturx!  wit}l ii!, agil, g, t:
rcrdars,  in I,rcl,artrtiotj,  1993, 7()

[8] Ulrrl,y} 1’.’1’., hloorc 11. K., arid IFr,,,g A,]{,, Jftc,orravc  )ic,,,otc ,$’cns.
ittg,, Actiuc rrtid IJt{ssivc,  Vol. 111, Arlccll  Ilomw, Nurwood, hiass. , )OS(i. ‘lo

[9] hftit~tcr  (I., Al,,,licritiol,s  of tl,c i!,(crac(io),  of ),}icrowavcs  wit), t],
Ilatural  st)ow  cover, ill l(etl~ofe ,$’ctjsing ltcvicu]s, l’, llccticr (l;d~), V o l . 40

2, IWIIIC  2, Ilurw(]u(l Acu(I(,  [II,
c

1’111)., 1,011(1(,1!,  3 9 1  J)J),, 1987,

I

20 40 (,[1 F{ o
,,, , ,(,, ,,, ., .,, .,. ,,

[ 1 0 ]  L3stro, S, J , ,  and otllcrs,  II;urolj:l, (;a)]y]t)rdc, tc]](l (:tillist(,: h’cw
tudar rcHul(s  frolll Arccil~o  ti!id Golds lolic, J. (~tophy$,  f(c.v. 97 1; 1 1 ,
182?7-ltW4i,  1992.
[ 1 1 ]  l{igpmt,  1’; ., S. J. (k+lro,  J. J. VW) Zyl, rilid 1(, Jrv,ck, UIIusual ladar
CCIIOCS  frolll tlic C;rccllla]ld icc sllcct, SUIJII].  Science,  Al,ril 1993,
[12] Zwally, II. J., hficrcrwzrvc  e),,is~ivity  rrl,rf  acculllulatiol,  rates of Io-
lar fir!,, J. Glrrciol. 18, 195215,  197’(.
[13] Jc,ck,  K., at,d 1’, (;ogir,c,,i,  hiicrowavc rcl]mtc sc,MiI,g  of tl,c (Jrcct,-
lrrlld icc sII{!c1,  lA’A’l; Ccosc. rrnd Jtctlt, SCM, SoC,  NeUIS/Ctf  CI,  I)  C C,

1992,

[14] l;cl,ell,,cycr,  1( ., W. 1). IIarrisoi],  ‘1’. S. Clarke, a])d C. IICIISOI],  Sur-
tlcird glaciology  o f  Jakol,st,av],s  lsbrac,  Wmt C;recI,lrrT,rl:  I’rirt 11, At,.
Iutioll, rrccul,]ulatiol,  .aItd  Ic)nl,crtrturr,  J. oj G/rrcio/ogy  38, 169, 1992,
[15] l’fcflcr,  W. ‘J’., ‘J’.  11, IIla,,gsiscl:trrc, .a,,d hf. 1’. Mcicr,  A,,alysis  a,,d
]Imdcli)lg  or l[wlLwatcr rcfrccwi])g ill d r y  s n o w ,  J,  of  Glrrcioloyv  3G,

23 S.246, 1990.
[16] l’fcfl’er, }$’. ‘1’., h4. 1’. hfcicr, ai,d ‘1’. II .  IIlangasckarc, ltctclltioll  of
(;rcclllwld  Iru IIrrff  by rcfrccr,  illg: lll~[,licatiolls  for I,rcrjcctcd f u t u r e  sea
ICVCI CIIFiIIg{,  J. Gcop/Iys.  )ics. 9G, C12, 22,117-22,124, 1991.
[ 1 7 ]  IIrr,,!ic,  1)., Collcrc],t L,ackscatLcr  a],d tllc radar  cl,arac(crislics  o f
outer },ltillct  satellites, lcrr~r[s  88407.417, 1990,
[]8] l’ctcrs, 1{. J . ,  Ccl,c,c,,t-bt,cks:altcr  cflcct: A  VCC(O, for,,j,,ltitioj,
nccouutil)g f o r  ],olarir,atiol,  aILd  al,sorl,t  ioat  e f f e c t s  rit)d 6118all  c,r  Iargc

scattcrcrs,  J1’hys.  J(ctJ,  11 4G, 801- S12, 1992,
[ 1 9 ]  hlisl,clcl)ko,  hl, 1,, l’olarizatio)~  cliaractcristics  of tl,c COII.ICII[

backscattcr  ol,l,ositio!,  eflcct,  l;UII  IL,  Afoot,,  arad JJ/UTLCtS  GS,  ]’27.  ]44,
1992,
PO] }Iol,rri,, C ,  1’,,  a,,d 1), 1{., llufl,,,a,~, AJso,),tto~,  rrt,d Sc.f/c~tjIg  of

l,igl,  t by SIILrrl/ l’at [iclcs, Wiley, NV, 1983.

,,. . .,,  ,!, , r,!!,  {,r  ,,

I’igllr<, 2. I{o(lnr I,nrkkcul  [cr  I-J” Irwufillrr’d  I,y AI I{.$AI{  !1( ~;-]>JIII(t,  [It

1111-,  }IV-, rwrt VV- ),olari~,atiotl vs 0 ill the d r y  SI1OW ZO]IC  )Icrrr tl,c (;1S1’
1 1  site, hfodcl  ),rcdictiorls (dc,ttcd  Iillcs)  for mattcril~g frol~, ii Ilalf-s],acc  O(
dry SIIOW using tl)c radar backscatter  IIlodcl  of J,C,  Slli, UCSl\,  ‘1’lic  st]ow
tclljl~craturc is -10”C, tllc ice fractiorl  is 0.349 (SIIOCV dcllsity is 0.32 g/CtII:’),
the grsrin diirlllctcr is 0,? 40.05111111 [6] arid tl)c air-snow  itltcrfacc I)as  a rills
t,cigf,t c,f 0,78 CIII rrtld a correlation Ictlgtll of 13,8 CIII.

Figure 3. C-ba!ld V V  itjl-
agc of scctlc 3152 ticquircd  by
AI ILSAIt ill tl]e soakccl-si~ow
zone, west oftllc Swiss carli~,,
AI ILSAIL is ftyit,.g frol,l  right
to left, lookit,g to its left,
Near.  rtillgc  i s  011 tO]~. ‘~’lIc

it!iagcd  rcgior[  is 1 0  tir]l b y
10 kill in size,

Pigurc 4 . }’oiljts  for cxlra(crres
,( 1,,,,,  , trial  targets arc averages of disk.

(’b8 ; : illtcgcatcd [Ijczsurcliwtlts a( v a r i o u s
; ,, subradar  lotjgitudcs. l)isc-resolved
b 10 ,“(4.8,,.  ●  13 c,’
:[ 035,. eclIO sl)cctra,  whic]l arc cquivalcilt  to
ti,o~ brigl,t]lcss scarls  tt,mugl,  a slit },aral.

c,  ~4s I “’1(”0  ‘w5c.( ‘::%’” IIardly  arly variation  ill II(; acrc,ss  tllc

8 02 ,)~y , p::l AN: W’%’’’” satellite discs. l’or  Grcc)llalld,  ],oillts

O;O 02 04 06 08 10 I!7  ,1 i!6 ,’8  ?Qarc  a v e r a g e s  o f  Iucawrrclllcnts tl!at
CI{ICU1  An Po1 AF(17A1  ,ON RA1,O,  ~rc sl,a]l ilicidcljcc  allglcs,  O, frolr! 18° to

66°.
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F i g u r e  1. Map  of  (Jrw,l!lalld  sllowillg  tllc  4 SIIOWI  zollcs  cIc..
fi]lrxl by IICDSOII  (8), thcfligllt triick of All{SAlt (contintrotrs  t]lick
]inc),  icc Sllect clcvatioll  ccrlltotrls (daslIcd  line),  allrl tllc location

of the Swim Camp, ~kawford  l’(tillt, arid  t}lc (;1S1’ II site, Mcdt-
i]lr;  ]arcly  OCCLIIS  ill  tllc  (lr.y-s  IIow  7,011c; forlns  l[lassivc,  I,uliccl,
s o l i d - i c e  il)c]usiolls  ill tllc }Jcrcolatioll  SO] IQ; saturates tllc sIIow

wit}) liquicl w a t e r  ill tllc soaked  :sIIow-m  IIc;  alicl  rclnovcs  tllc sea-
sonal  s]low covcl and  ablates t]ic glacier icc ill tllc ablatiol! 7. OIIC,

l’igurw  5. hfodcl  ~,rcdictioils  of radar scatterin g fro,ll djsclctc,  dic)cc(ric
cylinders  el; )t, cddcd  ill a tc,ssy Illcdiulll for dif[crctlt  values of tt!c rclzrtivc
diarl,ctcr  Q/A of tllc cylit, dcrs,  ‘J’l,c  relative dielectric cor,stal,t  of tl,c icy
cylitjdcrs ill dry SIIOW is 1.7. ‘1’IIc c y l i n d e r s  arc assut]]cd 1 III ill lciig(l!,
with 5 cylinders l)cr s,quarc  I)lclcr, aj,,, is I>ro},ortiol,al  to tl, c sqtlarc of
tl,c Ict,gtl, of tl,c cylit, dcrs, atld to tllc dclisity of cyliltdcrs; wllcrcas  III. and
pc: ol]ly  dcl,cl[d 011 rr/A,  ‘1’IIc Illodct tcsults  it)dicatc tl)at  tt[c icc. hodics a r c
shout  20-30 CIII i!l dirr]llclr.r, 1 III i]) ict,g,tl],  with a dcllsi(y of 5 cylirl(lcis
I)cr  square IIjc(cr.


